Abstract -Metal-organic chemical vapor deposition (MOCVD) and post-deposition arsenic diffusion processes were successfully employed to grow superconducting NdFe0.88Co0.12AsO thin films. First, by employing iron, cobalt and neodymium metal-organic precursors, a precursor film is grown by MOCVD on (001)-oriented LaAlO3 substrates. Subsequently, the arsenic is incorporated during an annealing of these precursor films in the presence of a NdFe0.9Co0.1AsO pellet. The chemical composition and crystallographic results indicate the formation of the cobalt-doped NdFeAsO polycrystalline phase. The secondary ion mass spectroscopy indicates a homogeneous arsenic diffusion process. The resistance and magnetization measurements as a function of temperature indicate a superconducting transition ∼15 K.
Introduction. -The discovery of superconductivity in iron pnictides and related materials renewed the interest in the superconducting phenomenon [1, 2] . Some 1111 compounds (ReTMPnO, Re = rare earth, TM = 3d transition metal, Pn = pnictogen), with a ZrCuSiAstype structure have the highest T c among several kinds of iron-based superconductors [3] [4] [5] [6] . However, these compounds have attracted much attention not only for their high transition temperatures and the unconventional superconducting mechanism, but also by their amazing properties like their higher upper critical fields, which are so important for applications. Many articles have been published reporting the physical characterization of these compounds [7] [8] [9] [10] [11] [12] [13] ; however, most of the measurements have been performed on bulk polycrystalline samples. Nevertheless to determine the nature of superconductivity and/or for potential applications, it would be better to study some physical properties on thin films rather (a) E-mail: aconde@fis.cinvestav.mx than in powder samples. Nevertheless, the fabrication of thin films has had less attention due to the complicated nature of preparation. However, some groups have succeeded in obtaining good quality 1111 iron-based superconducting films, but most of those groups have employed sophisticated techniques like molecular beam epitaxy (MBE) or pulsed-laser deposition (PLD) [14] [15] [16] [17] [18] , which limits the films production to a few specialized labs. Recently, our group explored the metal-organic chemical vapor deposition technique (MOCVD), along with arsenic diffusion process, as an alternative method to fabricate NdFeAsO 1−x F x films [19] . The method can be a good alternative in large-scale applications like coating conductors with superconducting materials for cable production. Although we succeeded in obtaining the quaternary NdFeAsO phase, the films did not show a superconducting transition. Those results could indicate that the method does not work to fabricate the 1111 superconducting films or particularly it does not work to fabricate the NdFeAsO 1−x F x phase, which has been reported that its nucleation frequently is prevented by other phases like neodymium oxyflurides [20, 21] . However, here we report the growth of optimal doped NdFe 1−x Co x AsO superconducting policrystalline thin films by the combination of the growth of a precursor film by MOCVD technique with a subsequent arsenic diffusion processes. The results show that this method is suitable to obtain cobalt-doped NdFeAsO superconducting films, which have not been fabricated by any method. The present results also indicate that the combination of MOCVD with a subsequent arsenic diffusion processes, works as a new route for the preparation of the 1111 pnictides superconducting films. Given that the superconduction is carried out on Fe-As layers, the fabrication of NdFe 1−x Co x AsO films is important because they can help to study the emergence of superconductivity by direct doping on the Fe-As layers and to understand the basic superconducting mechanisms on these 1111 iron-based superconductors.
Experimental details. -The growth method has been described in the ref. [19] , where the growth of non-superconducting NdFeAsO films were reported. In the present case, a precursor films were deposited by MOCVD using as chemical precursors: Neodymium Tris(2,2,6,6-tetramethyl-3,5-heptanedionato) (Nd-Tris), Iron(III) 2,4-pentanedionate (Fe-Penta) and cobalt(III) 2,4-pentanedionate (Co-Penta). These films were deposited at a substrate temperature (T s ) of 435
• C on (001)-oriented LaAlO 3 substrates. By tuning the evaporation temperature of the precursors it is possible to obtain precursor films with different amount of atomic concentration of [Nd] , [Fe] and [Co] . In the present case, the relative atomic concentrations were adjusted to obtain a [Nd]/([Fe] + [Co]) ratio equal to 1, after evaluation by energy dispersive X-ray spectroscopy (EDX). As-grown, these films are amorphous and the EDX indicates that they had a carbon contamination. To remove residual carbon, the precursor films were preannealed at 850
• C in a constant flux of nitrogen-hydrogen mixture (92%-8%). Finally, an arsenic diffusion process was achieved by putting the preannealed films inside an evacuated quartz ampoule (∼10 −3 mbar) together with a NdFe 0.9 Co 0.1 AsO pellet, which was prepared by mixing Nd + As + Fe + Co + Fe 2 O 3 precursors powders. This final annealing procedure consists of three dwell temperatures, as reported in table 1. The first two are employed to stabilize the arsenic phases [21, 22] . The last one is the crystallization temperature of the quaternary 1111 pnictide structure [6, 21, 22 ]. Here we report two different values of the last dwell temperature (T an ) to study the crystallization process. It is important to observe that, in some sense, the preparation method here reported is similar to the employed in ex situ MBE or PLD preparation of LaFeAs(O, F) films [23, 24] , in which, to reduce losses of arsenic and fluorine during the post annealing process, the films are annealed together with a stoichiometric LaFeAsO 1−x F x bulk material. The crystal structure of the films was examined by X-ray diffraction (XRD) with a Rigaku Smartlab equipment using CuK α radiation in the grazing angle mode and in a 20
• -80 • 2θ range with steps of 0.02
• . The chemical composition was analyzed with the energy dispersive X-ray spectroscopy, EDX, connected to a 7401F-JEOL scanning electron microscope (SEM), which was also employed to study the surface morphology of the films. The thickness of the films is measured with a DEKTAK-XT Bruker profilometer. They are ∼160-170 nm. The homogeneity of elements through the film thickness was verified by the secondary ion mass spectroscopy (SIMS), which was achieved with a TOF-SIMS5 Ion-TOF equipment; employing Cs + ions of 1 keV, on a 100 × 100 μm 2 . XPS measurements were carried out on a Thermo Scientific K-Alpha XPS spectrophotometer. A monochromatic Al K α X-ray source was used, with a spot area of 400 μm. All XPS spectra were obtained after 15 s of Ar + sputtering. The electrical properties were evaluated by measuring the resistancevs.-temperature (ρ-T ) curves by the four-probe method; DC magnetic susceptibility measurements were also performed. Both measurements were achieved in a Quantum Design Dynacool-PPMS system. The susceptibility was measured under a transverse geometry. The shielding fraction was estimated from the internal susceptibility χ that is related with the experimental one through the relationship χ = χ exp /(1 − Nχ exp ), where N is the demagnetization factor, that for this geometry is given by N = 1/(1+2d/l), d = thickness, l = lateral length, [25, 26] .
Results and discussion. -By setting the crucible temperature at 179
• C for Nd-Tris and Co-Pent, and at 166
• C for the Fe-Pent, the as-grown film contain a relative atomic concentration of [Nd] = 50%, [Fe] = 45% and [Co] = 5% according to the EDX evaluation. All the films deposited under this conditions, have similar chemical composition. The micro analysis indicates that this chemical composition does not change after a preannealing at 850
• C. After this preanneling process the films consists of a mixed of Nd, Fe and Co oxides. Figure 1 shows the XRD patterns of two films after the arsenic diffusion (NdFe 1−x Co x AsO films); they were prepared at different T an . Most of the peaks are well indexed with the tetragonal structure of the 1111-iron-oxypnictides superconductors (space group P 4/nmm), but small peaks associated to As 2 Fe are also present. The crystallinity improves as the annealed temperature is increased from 1060 to 1070
• C. The lattice parameters were directly evaluated using the Miller index associated to a tetragonal structure. This gives average values of: a = 3.9671 and c = 8.5613Å, which is in agreement with the reported values for bulk samples [27] . After the arsenic diffusion, the EDX evaluation indicates a metallic composition (Nd : Fe : Co : As) ≈34.5 : 30.1 : 3.6 : 33.0, which is close to the optimal cobalt doping (highest T c ) obtained in the bulk NdFe 1−x Co x AsO samples [27] that corresponds to a Co/Fe atomic ratio equal to 0.12. Figure 2 shows the SEM micrographs for the film annealed at 1060 and 1070
• C. In agreement with the polycrystalline characteristics observed in the XRD, the surface consists of grainy morphology, but the sample S2 annealed at 1070
• C has a more defined grain shape (average size of 0.5 μm).
The secondary ion mass spectroscopy helps to find out the distribution of the elements through the thickness of the film. The signals coming from Nd, Fe, Co and As were detected through all the thickness, see fig. 3 . As can be observed, all those metallic signals have a constant level until the La one starts to appear (which is coming from the substrate), afterwards they start to decrease and the signal coming from the substrate dominates. This result clearly indicates a homogeneous arsenic diffusion process. Now we present the transport and magnetic characterization. The resistivity-vs.-temperature measurements indicate that in the normal state, the films have a metallic behavior, inset of fig. 4 . These measurements also reveal a superconducting transition. The estimated T c 's are 14.21 and 14.28 K for S1 and S2, respectively. The criterion used for the determination of T c was the midpoint (50%) of the transition curve. There is a slight variation in T c and in the width of the transition in the two reported samples. The slight differences in T c might be related with slight variation on the cobalt stoichiometry no detected by EDX. The differences in the transition width must be associated to the differences in the annealing conditions, which have influence in both chemical composition and crystalline properties, see fig. 2 . Taking into account that the arsenic is incorporated through a diffusion process, a lower annealing temperature would create grains with different arsenic compositions (like a composite superconductor), which would give a wide superconducting transition. A higher annealing temperature would promote a better homogeneity in grains that will present a sharper superconducting transition. An alternative explanation would be the intergranular coupling. A lower annealing temperature creates weakly coupled samples that would present a width transition [25] . We think that this is the most probable scenario because it is supported by the morphology of the samples, fig. 2 . Nevertheless, what is important to observe, is that onset temperatures are similar to the optimal doping samples in the NdFe 1−x Co x AsO compound, which has been obtained in samples with a Co/Fe ratio similar to the films here reported (∼0.12) [27] . In order to further confirm the superconductivity in our film, zero-field-cooling DC magnetization was also measured, fig. 5 . The sample S1 did not show diamagnetic signal. We associated this to the poor surface property, which presents pinholes, fig. 2 ; this might prevent a complete shielding around the sample. However, the sample S2 shows a good diamagnetic signal, in agreement with its better crystalline and morphology properties. As is observed in the inset of fig. 5 , the internal susceptibility indicates a shielding fraction close to 97%. That is, considering the uncertainty on the thickness of the film, all the volume is superconducting.
Finally, considering that a debate about the electronic state of Co in the NdFe 1−x Co x AsO compounds still remains, we perform XPS experiments in the films to determine the oxidation state of Co and Fe in this compound. Figure 6 shows the scans for Fe 2p 3/2 , Fe 2p 1/2 , Co 2p 3/2 and Co 2p 1/2 . Carbon and oxygen were used for calibration of binding energy spectrum. The binding energies of Fe 2p 3/2 and Fe 2p 1/2 obtained from the present study are 706.5 eV and 719.7 eV, respectively. From this we can presume a presence of Fe 2+ cation. In the case of Co, the binding energies obtained for Co 2p 3/2 and Co 2p 1/2 are 777.8 eV and 792.7 eV, respectively. Usually the satellite peak of Co 2p 3/2 for Co 3+ is located approximately 9.6 eV higher than the main Co 2p 3/2 signal [28, 29] . In the present case, the satellite peak was obtained at 787.28 eV, which would indicate ΔE 1 = 14.9 eV and ΔE 2 = 9.48 eV, suggesting the presence of Co 3+ cation. This contrasts the most common belief of Co 2+ → Fe 2+ substitution, which gives place to electron doping to the FeAs layers and an induced superconductivity by a charge doping [30] [31] [32] . A Co 3+ → Fe 2+ substitution would indicate a different inducing mechanism. As a consequence, more experiments are necessary to obtain a more reliable conclusion.
Summary. -We have grown superconducting NdFe 0.88 Co 0.12 AsO thin films on LaAlO 3 substrates by the combination of a deposition by MOCVD and a post arsenic diffusion processes. This is the first report about the synthesis of cobalt-doped NdFeAsO superconducting films. In the present case the tuning of the evaporation temperature of the precursors allowed us to obtain precursor films with a Fe/Co atomic ratio suitable for developing optimal Co doping NdFeAsO films, which show a superconducting transition ∼15 K. Under the thermodynamic conditions used in our post arsenic diffusion process, the arsenic spreads through films thickness uniformly. The results prove than this method could be an excellent way to obtain Fe-based superconductor thin films by an alternative technique other than MBE and PLD. Nevertheless, even if this method is good to develop superconducting iron-based films, more detailed experiments are needed to fabricate films with preferential growth; but the method can be a good alternative in large-scale applications like coating conductors with superconducting materials. * * *
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